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* Bethe-Bloch tquation... Coulomb interaction with
the electrons in the atoms



13.1 Photons in matter

: . (Overview)
Rayleigh scattering

— Coherent, elastic scattering of the entire atom (the blue sky)
— y+atom =2 y+ atom
— dominant at ﬂ,;;size of atoms
Compton scattering
— Incoherent scattering of electron from atom
— Y+ €hound 2 Y+ €ree
— possible at all E, > min(Ey;.4)
— to properly call it Compton requires E};>Eb,.nd(e') to approximate free e
Photoelectric effect
— absorption of photon and ejection of single atomic electron
— y+atom 2 y+ey,, +ion
— possible for E, < max(Ey;,q) + SE(E
Pair production
— absorption of yin atom and emission of e*e™ pair
— Two varieties:
* y+nucleus 2 e* + e + nucleus (more momentum transfer to nucleus=»dominates)
* y+Zatomic electrons = e* + e + Z atomic electrons
* both summarised via: g + g(virtual) 2 e* + e
— Needs Ey>2m_c?

— Nucleus has to recoils to conserve momentum =» coupling to nucleus needed =» strongly Z-
dependent crossection

line width) (just above k-edge)

atomic-recoil”
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13.1 Photons in matter

(Note on Pair Production)

 Compare pair production with Bremsstrahlung

Bremsstrahlung Pair production Typical Lenth =
Pair Production
Length LO

4

Typical Lenth =
Radiation Length

B S

e \Very similar Feynman Diagram
e Just two arms swapped

LO=9/7 X0



Electromagnetic showers

(A) Bremsstrahlung

radiation of real photons in theCoulomb field of nuclei
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(B) Pair production

needs additional mass for momentum conservation r
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Electromagnetic showers
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Hadronic Showers evaporation

Hadronic interaction:

Elastic:

p + Nucleus — p + Nucleus
Inelastic:

p + Nucleus —

T+ 71~ + 7%+ ... + Nucleus®

Nucleus™ — Nucleus A + n,p, , ...
— Nucleus B + 5p, n, 7, ...
— Nuclear fission

Heavy Nucleus (e.g. U)

Incoming
hadron

A J

\ﬂ—/ N/
lonization loss

lonization loss

m—

A Intranuclear cascade
f g (Spallation 1022 g)
/" Inter- and

intranuclear cascade N
Internuclear cascade

Intranuclear cascade
(Spallation 1022 s)

J




KL Hadron
3 shower

Hadronic Showers

Shower development:

1. p+ Nucleus > Pions + N* + ...

2. Secondary patrticles ...

undergo further inelastic collisions until they
fall below pion production threshold

Mean number of
3. Sequential decays ... secondaries: ~ InE on

o > Yy: vields electromagnetic shower
Fission fragments > B-decay, y-decay
Neutron capture - fission

Typical transverse
momentum: pt ~ 350 MeV/c

Spallation ...
Cascade energy distribution:
[Example: 5 GeV proton in lead-scintillator calorimeter]
Substantial
electromagnetic fraction ... | lonization energy of charged particles (p,,u) 1980 MeV [40%)]
fm~InE |7 - Electromagnetic shower (11%,n%e) 760 MeV [15%)]
?m. B Neutrons 520 MeV [10%)]
variations significant] o
Photons from nuclear de-exitation 310 MeV [ 6%)]
Non-detectable energy (nuclear binding, neutrinos) 1430 MeV [29%)]

5000 MeV [29%]



Hadronic Showers

Comparison
hadronic vs electromagnetic shower ...

[Simulated air showers]

altitude above sea level [km]
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6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in
this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for NTP (20°C and 1 atm), and
square brackets indicate quantities evaluated at STP. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line blend
(589.2 nm); values >>1 in brackets are for (n — 1) x 109 (gases).

Material Z A (Z/A) Nucl.coll. Nucl.inter. Rad.len. dFE/dz|mi, Density Melting Boiling Refract.
length Ay length Ap Xo {MeV {gem~3} point point index
{gem™2} {gem™?} {gem™?} g7lem?} ({g¢7'}) (K (K)  (@NaD)

Hs 1 1.00794(7) 0.99212 42.8 52.0 63.04 (4.103) 0.071(0.084) 13.81 20.28 1.11[132]]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.656  1.11[138]]

He 2 4.002602(2) 0.49967 51.8 71.0 94.32 (1.937) 0.125(0.166) 4.220  1.02[35.0]

Li 3 6.941(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.

Be 4 9.012182(3) 0.44384 55.3 77.8 65.19 1.595 1.848 1560. 2744,

C diamond 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.742 2.210

No 7 14.0067(2) 0.49976 61.1 89.7 37.99 (1.825) 0.807(1.165) 63.15 77.29  1.20[298.]

o 8 15.9994(3) 0.50002 61.3 90.2 34.24  (1.801) 1.141(1.332) 54.36 90.20  1.22[271)]

Fo 9 18.9984032(5) 0.47372 65.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 [195.]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07  1.09[67.1]

Al 13 26.9815386(8) 0.48181 69.7 107.2 24.01 1.615 2.699 933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.329 1687. 3538. 3.95

Cla 17 35.453(2) 0.47951 73.8 115.7 19.28 (1.630) 1.574(2.980) 171.6 239.1 [773.]

Ar 18 39.948(1) 0.45059 75.7 119.7 19.55 (1.519) 1.396(1.662) 83.81 87.26  1.23[281.]

Ti 22 47.867(1) 0.45961 78.8 126.2 16.16 1.477 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 132.1 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.960 1358. 2835.

Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 98.2 166.7 8.82 1.263 7.310 505.1 2875.

Xe 54 131.293(6) 0.41129 100.8 172.1 8.48 (1.255) 2.953(5.483) 161.4 165.1  1.39[701.]

W 74 183.84(1) 0.40252 110.4 191.9 6.76 1.145 19.300 3695. 5828.

Pt 78 195.084(9) 0.39983 112.2 195.7 6.54 1.128 21.450 2042. 4098.

Au 79 196.966569(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.39575 114.1 199.6 6.37 1.122 11.350 600.6 2022.

U 92 [238.02891(3)] 0.38651 118.6 209.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) 78.80

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28.17 1.696 2.230

Lead glass 0.42101 95.9 158.0 7.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650



Interactions with Matter

» Generally a detector consists of a tracking detector , an electromagnetic and hadron
calorimeter and muon chambers in a magnetic field.

» Each experiment uses different technologies to construct the sub-detectors.

Tracking Electromagnetic Hadron Muan
chamber calorimeter calorimeter chamber

photons

et
—>

muons
—_—

+
K= 7= p

K n

Innermost Layer... P» ...Qutermost Layer

» Tracking detectors measures charged particle trajectory and momentum

« Calorimeter layers measure energy by fully absorbing the particles (destructive
measurement).

e Muons do not interact in calorimeter very much: outermost detector to identify muons.

3






Space in muon piston holes!

Piston hole
41.3 cm long
22.5 cm radius

1200}, ) b L




PbWO, (Lead Tungstate, PWO)

Density

8.28 g/cm’

NVAS

2.2x2.2x 18 cm?

Length

20 X,, 0.92 %

Weight

7213 ¢

Moliere radius

2.0 cm

Radiation Length

0.89 cm

Interaction Length

22.4 cm

Light Yield

~10 p.e./MeV @ 25° C

Temp. Coefficient

2%/ °C

Radiation Hardness

1000 Gy

Main Emission Lines

420-440, 500 nm

Refractive Index

2.16

about 50 years in PHENIX
forward directions




Avalanche photodiodes?

Even small PMTs are sensitive to magnetic fields or expensive
(500 — 5000 gauss longitudinally in piston holes)

PIN diodes

in reverse bias mode — depleted i-layer
E

Large reverse bias voltage:
e” acceleration

—> collisions with electrons S
avalanche multiplication " T E
avalanche leaves the active area [ £ % o 8 IS I

i ‘llullnllml‘mnl'l nln lI] lllllllllllill
0 | 2 3 4



Test beam measurements

MTBF @ FNAL
Test beam from 4 GeV/c to 120 GeV/c

FERMILAB'S ACCELERATOR CHAIN

— MAIN INJECTOR
= NN

TEVATRON

Pion or electron tune

Electron / hadron ID in RICH N e

ANTIPROTON

souncs

A 4
= - BOOSTER
?] ...____‘/ - “ LINAC

» COCKCROFT-WALTON

PROTON




FermiLab Test Beam Results

| Energy Linearity |

¥ I ndf 1.892/3
Prob 0.595
p0 1.03 + 0.02635
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The MPC:3.1< | 1 | <3.8

2008 PHENIX Detector
PC3
TOF-W|
Pe
Aerogel

Beam View

||I|| Central Magnet

7DC South
||

ZDC North;
Mu

=
M : D
II ||| South Side View ||

18.5m= 60 ft




MPC History

Initial Installation

192 Towers
New Detector:
220 Towers
Light Calibration Box
Upgrade:
196 Towers

New Monitoring
System (N+S)




MPC Limitation
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—North MPC |+
S S SZ | NN

1
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* ID % up to E ~ 20 GeV with MPCs
(3.1 <|n| <3.8)

— Limitations: tower separation and merging effects
— Use nl for 7 GeV < E < 22 GeV
= p; max ~ 2 GeV/c

« Single Clusters for E > 15 GeV

— Dominated by =% (~ 85%)
— Access higher p+



Single Cluster Asymmetry

Cluster Decomposition: Dominated by merged n®’ s.

1

PLB 603,173 (20p4)

0.8

oslll_I7°

IF | Direct Y

0.4EDT]

ST

0.2:h' [ qq+Rq + ...
[ ]other vy S

Y 1 2 3 4 5 & 7

Fraction

v’ Process decomposition skewed more heavily toward quark-gluon than
mid-rapidity.

v’ Rel lumi uncertainty is significant compared to statistical.
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MPC is in a very messy environment! Over a radiation length in front of it.



Reconstruction Algorithm (AN949)

Basic idea: EMCal clusters = local maxima +
surrounding towers

Use log-weighted positions (weight is 4 + In(E/Etot) )
Adapted existing EMCal code to MPC

Parameterize shower shape and fluctuations from

simulation (matches beam test well)
slat | E /Eclustervs R e

tower Entries 101418
1 Mean 1.099
: open circles - test beam shower shape :;asn y glgg
= black circles - simulation shower shape RMS y 0223
F colores crosses - test beam shower shape - hadron

[ ==

10% =

T P s [ o e v e e o
0 02 04 06 08 1 12 14 16 18 2

R = distance from tower center to cluster center



MPC Energy Response

 MPCs sit directly behind the BBCs (see
shadow below from E = 20 GeV single
photons run through GEANT)

2o
o |
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o
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3
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W
3

(Eprimary_ Emeasured) / Eprimary Ent 5487 Emeasured / Eprimary 0.004131 / 135
E 2UC 141 P 0.9997+ 0.0003345
= C p1 0.1064+ 0.02843
= 18F 0.9 =~ p2 0.8878z 0.1565
16 —0.8 =
14 f —0.7 o
121 0|6 10
s
10 —0-3 98F
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MPC Gain Drop During Run

Tower: @

S6a

- T .
Temperature
Red LED
Blue LED +—%—

488

TEMP

| g W W glUE LED
‘ _{  REDLED

2aa

{ADC> Triggers

T

108

-1@8 H i 1 2 1 N ] A i ]

a1-11-87 ais12-,67 81-81-88 a1-/82-88 81-83-08 81-/84-08
Time C[DD-MM-YY]

PbWO4 and APD gains both sensitive to temperature

PbWO4 suffers massive radiation damage
— Recovers partially between runs

APD also suffers neutron damage — not recoverable
LED essential to correcting for this gain drop and fluctuations in gain

Temperature [C]



AN927

Calibrations (our 3 iteration)

« Use Minimum ionizing particles
as first calibration (MIPs deposit
0.234 GeV/tower)

— Also can use inverse slopes

« Correct time-dependence with
LEDs (40% over 2008 d+Au,
P+p runs)

e Use iterative n° calibration

— Match p+p pythia > GEANT
simulation masses in each tower

Tower by tower n°
mass peaks




Tests of Calibration: n and n® mesons

Calibration p+p

ic ~ A0
error is ~ 4% E_>30GeV

pair

d+Au
E... >30GeV

pair

s I N T P N PR P
01 02 03 04 05 05 01 0.2 0.3 0.4 0.5 0.6 0.7

\Y/ (GeV/cZ) M., (GeV/c?)
Vs = 200 GeV p+p, d+Au; 0.75 GeV/c < p_< 2.0 GeVic

:" T 1 | s 1 | B h 8
1of p+p i 9 w d+Au 60-88% - d+Au 0-20% :
g ] 8
= 3:_ d 7 6
a [ 6 S
5 6F 3 8 4
O b 4 3
— 1
© f 3
(&) E 4 2 o
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Mass: 7 <E <10

4500

Tests of Simulation

i

Mass: 7<E <10
Run8 200 GeV p+p Data
------- Pythia 200 GeV p+p Sim
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6000

5000

»
g
g
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3000

Mass: 10<E <15
Run8 200 GeV p+p Data
------- Pythia 200 GeV p+p Sim

a
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Mass: 156 < E < 22
Run8 200 GeV p+p Data
------ Pythia 200 GeV p+p Sim
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Figure 7: North MPC invariant mass vs. energy
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Simulation should match the data if one wants to
use the simulation for correction factors

North MPC, Run08 p+p



Understanding the Invariant Mass Spectra

B Developed tools to 2 embedded p+p Pythia events > PISA >DST
understand invariant mags

spectra [FG] 100 MPC N: 0.25 <.pT<G.50,E>? [FG] MPC N: 0.50 <p_<0.75,E>7
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Cross-sections at RHIC, Forward Rapidities
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MPC Performance

“Trigger” Ns =200 GeV p+p = ¥ + X Ns =200 GeV p+p —»n+ X
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Upgraded Electronics in Runl2

| adc:sample*16 {chn==0&8&eventcounter==63} |

adc
[

|||IIIIII|||II|III|III|

L L1 1 L L 1 1 I L L1 L I 'l 1 1 1 l 1 1 L1 I 1 L1 I 1 |

50 100 150 200 250 300
sample*16

* New electronics in Run12 (HBD ADC boards)
e Digital trigger
 pT threshold
* Online gain corrections
* Remove single tower backgrounds
* Measure energy beyond ADC saturation
e Controls pileup effects




Trigger on Di-hadrons

MPC now has 6 independent fully digital trigger calculations,
arranged azimuthally

Easy to select for di-hadrons - Increased rejection power
Allows us to maximize our data purity
Constrain AG at low-x, and with less inclusive probe.
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First Forward Measurement of A |

— _‘-h-,.,_..-— :
0.00s- PH--ENIX Preliminary 0
- Ru n-2009 pp Vs=200 GeV 0
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eHigh p; EM Cluster Asymmetry, forward pseudo-rapidity 3.1<|n|<3.9
* >80% Merged m°

¢510 GeV Datasets: Run09, Runl1, Runl12, Runl3
*Run12 and Run13 use new MPC electronics with ~4x higher purity



Runl2, Runl3 Projections

RHIC Runl2
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*Projected error bars around 6A;, ~ 104
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eFrom real data, with new MPC Trigger Electronics
eRelative Luminosity Analysis still in progress
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Can Clusters be Used?

1. Assign a systematic error
 We have a good idea about the particle type composition
* Be nice to measure eta’s and direct photons separately. Pi-zero’s
already measured by STAR.
* We can then calculate what kind of an effect these have on the A_LL
given certain assumptions about dG
* Derive a conservative systematic error based on that

2. Try to correct back to pi-zero’s
* Similar to above, but we also apply a correction based on some
assumed dG, and assign systematic errors to the uncertainty in that
correction.

3. Give the theorists our acceptance and efficiency for each particle type
* With this information they can run this acc*eff filter through their
analysis.



